Introduction

86
Rodents have set of long flexible hairs, known as macrovibrissae or whiskers, that are 87 arranged as Manhattan-style grids on both sides of their face. The vibrissae serve to 88 detect and potentially recognize objects near the face of the animal. Each vibrissa is 89 held in a follicle-sinus complex and, during contact, the actively applied forces cause the 90 vibrissa shaft to bend (Hires et al., 2013; Quist and Hartmann, 2012) . The change in 
100
Transduction of forces into electrical signals is initiated by Merkel cells, which are 101 associated with slowly adapting Aβ afferents (Abraira and Ginty, 2013; Li et al., 2011; 102 Woodbury and Koerber, 2007) . Functionally, these afferents encode deflection 103 amplitude and velocity, respond selectively to the direction of deflection (Lichtenstein et 104 al., 1990; Shoykhet et al., 2000) , and play an essential role during active touch (Szwed 105 et al., 2003) . The functional responses are likely to be molded by the geometry of
106
Merkel cell dense regions and the orientation of afferent endings within the follicle 107 (Ebara et al., 2002; Ikeda and Gu, 2014; Johnson, 2001; Mitchinson et al., 2008;  by intraperitoneal injection of 100 to 200 µL pentobarbital (Fatal Plus), transcardially perfused 148 with phosphate-buffered saline followed by fixation in 4 % (w/v) paraformaldehyde in phosphate-149 buffered saline (PBS) (P3813; Sigma) pH 7.4. After removal from the skull and at least three 150 hours of additional fixation, the mystacial pads were cryoprotected in 30 % (w/v) sucrose in 151 PBS, cut in 60 µm sections on a freezing microtome, and then counterstained with the blue 152 fluorescent nuclear dye DAPI (1:1000; D9542; Sigma-Aldrich).
153
Large-scale deformation of a vibrissa
154
In a set of experiments to evaluate vibrissa flexion, a separate set of adult C57BL/6 mice 155 were perfused while all vibrissae on the excised pad were statically deflected in the rostral or 156 caudal directions. These excised follicles were stained with the fluorescently-tagged lipophilic 157 dye, 5-hexadecanoylamino-fluorescein, which labels cell membranes (H-110; Invitrogen).
158
Confocal imaging was performed on an Olympus FV1000 confocal microscope and a Leica SP5 159 upright microscope, using 20X magnification, 100X oil immersion, and 63X glycerol immersion 160 objectives. Images were converted and leveled with the Fiji image processing software.
161
Two-photon imaging
162
Cell nuclei throughout the dissected tissue were labeled with the blue fluorescent dye DAPI 163 during micro-dissection and transferred to a two-photon laser scanning microscope (TPLSM) for 164 fluorescence imaging at an excitation wavelength of 800 nm. The microscope objective was 165 positioned over the micro-dissected window, which included a region of the ring sinus that 166 extended from the level of the ringwulst out to the medial-aspect of the inner conical body 167 (Fig. 1e) . For each experimental vibrissae deflection, we scanned a 512×512×180 pixel Z-stack 
171
Vibrissa deflections
172
The vibrissa emerging from the micro-dissected follicle was cut to 30 % of its original length and 173 inserted 100 μm into a glass pipette that was coupled to a micrometer-resolution manipulator
174
( Fig. 1d ) Sutter Instrument) . The average distance of the glass pipette mouth to the 175 vibrissa-follicle junction was 7 ± 2 mm, a distance at which the vibrissa is rigid and thus the axial 176 force during deflections minimal (Quist and Hartmann, 2012 (Fig. 1a,b) , and in agreement with prior studies (Ebara et al., 2002; Rice et al., 1986; 197 Sakurai et al. The structure of the Merkel dense region was investigated in a whole-mount with 210 part of the outer connective tissue sheath of the follicle micro-dissected ( Fig. 1d ) and all 211 nuclei stained with DAPI (Fig. 1e) . Longitudinal and radial cross sections revealed four 212 distinct layers of labeled tissue (Fig. 1f,g ). Fig. 1 ),
225
suggests that the former labeling is a better choice for our analysis of displacement 226 fields.
227
Internal vibrissa shaft deformations
228
The vibrissa-follicle junction is reported to be rigid during whisking against an object
229
( Bagdasarian et al., 2013) and the vibrissa shaft is reported to flex within the follicle 230 during passive vibrissa deflection (Ebara et al., 2002; Wrobel, 1965) . We confirmed both 231 of these observations in follicles fixed with preservative in vivo while all vibrissae were 232 deflected in either the rostral or caudal directions (Fig. 1h,i (Fig. 1d) . We alternated the acquisition of data between 246 the rest position and a given deflection (Fig. 2a) . We assumed that the total 247 transformation describing the motion of the follicle in response to a deflection of the 248 vibrissa is the sum of a rigid body transformation and localized deformations. between the corresponding cells.
261
The difference between the reference stack and the optimally realigned deflection 262 stack defines the local displacement of the tissue caused by deflection of the vibrissa.
263
We determined the displacement vectors with particle image velocimetry calculated with (mean ± SD) (Fig. 2d) .
272
The displacement vectors were conditioned prior to further analysis. exclusively encompassed the outer root sheath, the mesenchymal sheath, and the 281 glassy membrane parts of the ringwulst, was extracted for further analysis (Fig. 1f) . The 282 displacement fields were transformed from their Cartesian coordinates into cylindrical 283 coordinates as radial projections (Fig. 2e) . The radial distance, r, is the perpendicular 284 distance from the principal axis and the radial displacement, Δr, is the change in r after 285 deflection of the vibrissa (Fig. 2f,g ). The polar angle, α, is the offset from the vertical Fig. 2g) per degree (right column Fig. 3 ).
341
Strains during vibrissa deflection
342
The displacements in the follicle that we observed were coherent over length scales 343 much larger than that of single cells (Fig. 3) (Fig. 3) . Standard errors were typically on the order of the variations 360 across the strain field for a single follicle, and were generally larger along the caudal 361 and rostral edges of the follicle since fewer features were available for the strain 362 computation. We focus on the data sets with a 10° deflection of the vibrissa as these 363 consistently showed less variability (insets, Fig. 3 ).
364
Strain in the ringwulst region was predominantly negative, indicating 365 compression, and ranged between 0.005 to 0.03 on average in magnitude for a 10° 366 deflection. In contrast, strain in the Merkel denser region varied from negative to 367 positive (Fig. 4a,b) . We averaged and compared strain across the four quadrants of the ( Fig. 4a) . We found no statistically significant difference in strain between quadrants 371 within or across deflection conditions. We found, however, a statistically significant the ring sinus region that shifts in orientation between deflection direction (Fig. 4c) . 
Discussion
383
We analyzed tissue displacements in cylindrical coordinates and found that the 384 tissue is displaced differentially in the radial, polar and longitudinal directions during 385 vibrissa deflections (Fig. 2e) . Specifically, we find that cells rotate about the axis of the 386 vibrissa shaft and are displaced radially in the direction of deflection (Fig. 3) .
387
Furthermore, longitudinal displacements within the ringwulst region reverse between caudal and rostral vibrissa deflections. Additionally, we observed significant direction 389 invariant displacements (Fig. 3) leads to a gradient of strain across the Merkel dense and ringwulst regions, and that the 393 orientation of this gradient rotates when deflection direction changes (Fig. 4) here.
430
Relationship between strain measurements and mechanosensitivity
431
Mechanosensitivity of the Merkel-neurite complex and lancelolate endings in hairy skin . We observe strain with magnitudes in the range 443 of 0.02 to 0.05 during 10° angular vibrissa deflections (Fig. 4b,c) . The minimum 
549
The organization of submodality-specific touch afferent inputs in the vibrissa column. Cell 
590
The inner root sheath (IRS) was never labeled by DAPI. Scale bar is 100 μm. g. Radial cross- 
